Introduction
Because of its unique optical and electrical properties, such as the low electrical resistivity ( ρ ≤10 -3 Ω×cm) and high transparency ( T > 90%) in the near ultraviolet (UV) and visible ranges, low material cost, non-toxicity as well as the capability to host large concentrations of hydrogen, semiconducting ZnO has found extensive application as transparent electrodes for photovoltaic solar cells, flat panel displays, low emissivity windows, light emitting diodes, etc. [1] [2] [3] [4] H is the ubiquitous impurity in ZnO, which plays important role in the above applications. It is abundantly and unintentionally incorporated during the growth process. H containing ZnO is useful for passivating interface and bulk defects in device structures. For example, commercial Si solar cells fabricated on low cost substrates contain large amounts of defects, which can be detrimental for operation of the cell. H in ZnO can be important for passivating the defects, if ZnO is used as transparent electrodes for the cells. Furthermore, H in ZnO can enhance electrical conductivity. By first-principles calculations it is reported [5] [6] [7] [8] that H in ZnO located at the interstitial site or O sites can be a shallow donor, which contributes to electrical conductivity, and it has been confirmed experimentally [9, 10] . The interstitial donor H (H i ) is found to form an O-H complex, which is responsible for the infrared (IR) line 3611 cm −1 [11, 12] . Due to small migration energy, the thermal stability of H i is low [13] , which is favourable for the above features.
From the study of kinetics of the IR absorbance corresponding to the O-H complex and of the free carrier concentration, it is found [14, 15] The electrical resistivity, Hall mobility, and electron concentration were determined from
Hall-effect measurement using a Van der Pauw method at room temperature. The crystal orientation was inspected by x-ray diffraction (XRD). The optical transmittances were measured using a UV/visible spectrophotometer in the spectral range 250-1100 nm. The specular transmittance (ST) was measured in normal mode of operation whereas the total and diffuse transmittances were monitored using an integrated sphere (IS) module. Since both of the ( ) λ T spectra measured by IS have not been corrected using reference data, they have been used only for comparative analysis and the difference T ∆ of ( ) λ T of annealed films from that of as-deposited ones have been analyzed.
Computational details
The problem has been studied by using the Vienna ab initio simulation package (VASP) [19] within the generalized-gradient approximation (GGA) with the multiorbital mean-field Hubbard potential GGA+U [20, 21] . In the computations the parameters U and J accounting for the orbital dependence of the Coulomb and exchange interactions should be entered explicitly as input. Based on analyses of literature (see, e.g. Refs. [22] [23] [24] ) the calculated band parameters of ZnO U=6 eV and J=1 eV have been used in band structure calculations. The exchange and correlation energies per electron have been described by the Perdew-Zunger parametrization [25] with the quantum Monte Carlo procedure of Ceperley-Alder [26] . Non-norm-conserving pseudopotentials have been generated in accordance with the projector-augmented-wave (PAW) method [27, 28] . It been reported in electrochemically doped single crystals of ZnO [29] . Smaller H concentrations of ~10 22 cm -3 has been observed in high dose implanted single crystalline ZnO [30] . By rf magnetron sputtering of ZnO the largest H concentration achieved was ~10 21 cm -3 [31] . These experimental findings indicate that the above H concentrations considered in the theoretical studies are not far from reality. The defective lattice was fully relaxed using the conjugate-gradient method for the Γ point. Plane-wave cut-off of 290 eV is employed to ensure convergence which is sufficient to reproduce the groundstate and high-pressure structural properties. Convergence was achieved when the forces acting on the atoms were smaller than 10 meV Å -1 . To examine the reason for the modulation of electrical resistivity in Fig. 1(b) , carrier concentration n and Hall mobility µ have been measured and the results are shown in Fig. 1(c) 
Results

Electrical properties
XRD spectra
It should be noted that the major defects governing free electron concentration might be not only the H, but also the oxygen vacancies. To clarify this point XRD measurements have been performed. All the XRD spectra showed only one 2θ peak around 34.4 o (Fig. 2) , indicating that crystallites of the ZnO:H films form a typical wurtzite structure with (002) preferred orientation normal to the substrate. For convenience of analysis, the location of the (002) peaks in Fig. 2 has been plotted as a function of [H 2 ] (Fig. 3) . Analysis of Fig. 3 shows that upon adding H 2 into the sputter gas, the 2θ position of the (002) peak shifts [33] . When increasing the H 2 content in the sputter gas the position of the peak shifts towards lower angles, which is consistent with theoretical calculation [5] and experimentally observed results in ZnO:Al films co-doped with H [31] . This result indicates expansion of the lattice along the c axis and can be related to increasing the carrier concentration due to the shallow donor interstitial H. However, after vacuum-annealing at T=300 o C, the (0002) peak position increases towards higher angles, which means lattice shrinkage. The shift of the peak position increases when increasing the H 2 concentration.
Optical properties
In order to see how the optical properties have been changed, transmission spectra It is important to clarify that the reduction in transmittance upon annealing is not caused by surface scattering due to increased surface roughness after annealing. For experimental verification of this point, total and diffused ( ) λ T has been measured using an IS module. In Figure 5 , diffuse transmittance spectra of the as-grown and the annealed ZnO:H films deposited at [H 2 ]=6% are compared. It can be clearly seen that the diffuse transmittance of as-grown film is fairly small being around 1%, which means that the films considered in this paper are very smooth. For all the films studied in this paper, the diffuse transmittances averaged in 400-1100 nm range do not exceed 1.2%. Also, it is noted that the diffuse transmittance of annealed films is almost similar to or even slightly lower than that of as-grown films (see inset in fig. 5 ). This clearly shows that the surface roughness remains relatively unchanged even after annealing for all the films, indicating that surface scattering is not the major cause of annealing-induced reduction in transmittance.
Now, the shift of the ( ) λ T spectra towards lower energies shall be analyzed, which, as noted above, can be characterized by modulation of the optical band gap. The band gaps estimated from both the specular and the diffuse ( ) λ T spectra are presented in Figure 6 as a function of [H 2 ] concentration in the range 0-8%. For all the films, the differences in optical band gaps determined by two methods are less than 1%, which again shows that our films have smooth surface, and that the influence of surface roughness on optical spectra can be neglected. The band gap of as-grown samples increases with increasing [H 2 ] in agreement with previous findings [32] . The reason might be the well-known BM effect [32] , because the carrier concentrations are larger than the Mott critical concentration ~3-4×10 18 cm -3 . However, upon annealing the band gap is decreased [ Fig. 6 ], which means suppression of the BM effect.
Discussion
Here we discuss a few different models for the H-related effects in ZnO, which may be applicable for explaining the suppression of the BM effect upon vacuum annealing of H doped ZnO. However, the number of the models explaining the result is not limited to this list. Oxygen vacancy. V O is well-known to cause n-type electrical conductivity of ZnO. [8, 34, 35 ]. As noted above, H located at the O site (H O ) can also be a shallow donor [6] . If that was the case in our samples, then V O would be formed during annealing.
Out-diffusion of H from
Below we discuss the question of whether V O can cause suppression of the BM effect.
First-principles calculations have been performed for V O in ZnO. Figure It should be noted that at the temperature ranges considered in this work, all V O is expected to be positively charged. If so, then the four Zn atoms nearest to V O would shift outwards from the vacancy compared to their location in an ideal lattice [8, 35] . In other words, even after annealing lattice expansion should be observed in XRD measurements. Fig. 8(a) , Ref. [18] . It was suggested in order to explain the failure to detect the "hidden" hydrogen in ZnO. At that time the common agreement was that the hidden species was interstitial H 2 , but no experimental confirmation was available. Since then, however, the existence of interstitial H 2 was experimentally confirmed [11] and there is no experimental evidence for the existence of the complex Fig. 1 ], reverse the effect of BM [ Fig. 6 ], as well as explaining why the electrical properties of the as-grown and the annealed ZnO films differ from each other [ Fig. 1 ].
In our samples upon annealing at ~300 o C some part of H could be combined into molecular H 2 . According to Refs. [13, 36] out-diffusion of H from the plasma-exposed bulk ZnO has been started upon annealing at temperatures 500-600 o C. Consequently, H can be still the source for the n-type electrical conductivity of ZnO at annealing temperatures around ~300 o C. Based on these results we suggest that both out-diffusion of H from ZnO and their incorporation into H 2 molecules might be possible.
Consequently, modulation of ρ can be related to transformation of the H related defect spectra.
Summary
From the study of the electrical properties of H doped ZnO films before and after annealing it is found that electrical resistivity of the H doped ZnO increases upon 
